Groundwater 
INTRODUCTION
More than half of the stygobionts (i.e. obligate groundwater dwellers) reported globally are known from Europe. In total, there are about 3800 known stygobionts worldwide and about 2000 taxa are reported from groundwater in Europe (Gibert and Culver, 2009) . This is the result of long-term research in fissured (i.e. karstic) and porous (i.e. alluvium, interstitial) aquifers in Europe.
The first information related to stygobionts arose from caves and karstic springs, because animals there are relatively larger, more noticeable and easier to collect than animals in porous aquifers. Records were made sporadically as a result of occasional visits to caves or investigation of wells and were focussed mainly on larger body-sized groups like Isopoda, Amphipoda, Decapoda and Pisces. Some rare records on micro-crustacea from caves or wells have been existing for a long time as well [Tab. 1; after Botosaneanu (1986) ]. Among the first records of groundwater fauna were those of Copepoda from the drinking water system of St. Petersburg from 1866 (although specimens recorded there were actually stygophiles) and of Bathynellaceae from a similar environment in Prague (in 1882) (Botosaneanu, 1986; Camacho, 1992 ).
Among the first described stygobionts (some of them were actually stygophiles) were amphibians (Proteus anguinus Laurenti, 1768), fish [Monopterus albus (Zuiew, 1793) ] and amphipods [Gammarus minus (Say, 1818) , Niphargus puteanus (C.L. Koch, 1836)], followed by crabs and shrimps [Orconeces pellucidus (Tellkampf, 1844) , Troglocaris anophthalmus (Kollar, 1848) ]. In contrast, stygobiotic Calanoida, also present in Southeast (SE) Asia, have been found just recently [Microdiaptomus cokeri (Osorio Tafall, 1942) ] (Tab. 1). The main reason for their late discovery, is the generally rather low numbers of freshwater stygobiotic Calanoida (Brancelj and Dumont, 2007) .
The intensity of research related to groundwater fauna increased after the First World War and since then it has been increasing, not only in Europe but worldwide. Most recently, among the most intensive projects on groundwater and its fauna, which included both types of aquifers, was the project Protocol for the Assessment and Conservation of Aquatic Life in the Subsurface (PASCALIS; available from: http://pascalis-project.com/) that was conducted in Europe during the period 2002 (Deharveng et al., 2009 Stoch and Galassi, 2010) . The project revealed that even in areas with intensive and continuous research of groundwater fauna there was still a big potential for discovering new species. In six European regions with a total area of 11,777 km 2 , 217 species were known before project PASCALIS, and after the project the number increased to 379, with 109 new species for those six regions, including some that were new to science (Deharveng et al., 2009; Dole-Olivier et al., 2009) . For example, intensive and systematic sampling of porous aquifers along the rivers, which were included in the PASCALIS project, resulted in a discovery of rich population of two
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Anton BRANCELJ, 1,2* Chaichat BOONYANUSITH, 3 Santi WATIROYRAM, 4 La-orsri SANOAMUANG Tab. 1. List of the first three stygobiotic species of each higher taxonomic group described and present elsewhere in the world. Representatives of higher taxonomic groups are also present in Southeast Asia but with different species [data from Botosaneanu (1986) ]. In the past, both species were considered to be very rare, but the many specimens collected during the project enabled a new genus -Phreatalona, to be established (Van Damme et al., 2008) . Other parts of the world remained rather cold spots for a long time. Until 1964, information on relatively rich troglobiotic/stygobiotic fauna existed only for Europe and the SE USA. Other parts of the world, including SE Asia, remained very poorly known, even three decades later (Holsinger, 1993) . Actually, most of the information on cave-dwelling fauna from SE Asia was limited to terrestrial species (Deharveng, 2004 More recent inventories revealed that about 160 stygobiotic taxa are known from SE Asia and the Indian subcontinent combined (Gibert and Culver, 2009) . From the Indian sub-continent, about 50 stygobionts are known; there, several new stygobionts -especially among the micro-crustaceans (Copepoda and Syncarida) -were recently found to live in porous aquifers (Ranga Reddy and Defaye, 2008; Ranga Reddy and Schminke, 2009) .
In the present paper a more detailed analysis of stygobiotic fauna in SE Asia is presented, with special emphasis on the most recent investigation of epikarst in Thailand and Vietnam.
METHODS
Southeast Asia includes the countries of Cambodia, Laos, Burma (Myanmar), Thailand, Vietnam and peninsular Malaysia. It also includes the maritime areas of SE Asia: Brunei, East Malaysia, East Timor, Indonesia, the Philippines and Singapore (Wikipedia, 2013) . Total land area is about 4,300,000 km 2 , 408,000 km 2 (9.7%) of which is karstic (Day and Urich, 2000; Tab. 2) . Apart from the karstic areas, there are also vast alluvial areas, with an array of potential habitats for stygobiotic organisms (Gibert et al., 1990) .
Data on stygobiotic fauna from the countries of SE Asia was collected from various literature sources. For the period up to 1986, the source was Stygofauna Mundi (Botosaneanu, 1986) , where all relevant literature on groundwater fauna worldwide is presented till 1986. For the period between 1986 and 2001 the source was Encyclopaedia Biospeleologica . After 2001, individual papers on fauna from SE Asia were used.
To present the intensity of research on stygofauna in SE Asia, a cumulative curve over time was constructed by adding each record of a new stygobiotic species in the region to the previous, already recorded taxa.
RESULTS

Historical overview and present status of stygobionts in Southeast Asia
At the beginning of the 20 th century only six stygobionts were known from SE Asia; this increased to 20 species in 1970 and reached 22 species in 1986, when the first list of global and regional stygobiotic fauna was compiled (Tab. 3; Botosaneanu, 1986) . In the period between 1986 and 2001 the number of newly recorded species increased by 57 species ) and in 2012 reached a total number of 122 species included in 74 genera (Fig.  1) . In this number are also species from anchialine caves and some species which probably belong to the stygophiles. Most of the newly recorded species were also new to science and thus described in adequate taxonomic papers.
The highest number of stygobionts so far recorded is from Thailand (36 species) and the Philippines (35 species), followed by Indonesia and Malaysia (20 and 19 species, respectively), Vietnam (9 species), Cambodia (3 species), Laos (2 species) and Myanmar (1 species) (Tabs. 3 and 4).
Most of the species are recorded from a single location or, less frequently, from several in close proximity to each other (usually several kilometres). So far, only three species from SE Asia are known from more than one country (Attheyella vietnamica Borutzky, 1967 One-hundred and one species from the list of stygobionts in SE Asia living in karstic habitats are recorded from caves (8 of them from anchialine caves), four species are recorded from karstic springs and one from a thermal spring. Two species were found both in caves and wells, while only one was found from a well. In addition, 13 species were recorded only from porous aquifers (i.e. interstitial/hyporheic environment), where micro-crustaceans (body size ≤1 mm) prevailed. In contrast to porous environments, in karstic caves and springs a wide array of body size could be found -from small-body sized Nematoda and Copepoda (body size <1 mm) to largebody sized organisms like Decapoda and Pisces (body size >10 cm).
Historical overview and present status in Thailand
Revision of biospeleological studies and the cavedwelling fauna of Thailand has been previously done by Deharveng and Bedos (2001) and more recently the terrestrial cave-dwelling fauna was reviewed by Ellis (2006 Ellis ( , 2012 . Investigations on cave-dwelling fauna have been carried out since the early 20 th century but focussed only on terrestrial fauna from some caves in southernmost Thailand (Annandale et al., 1913) . Stenasellus brignoli Pesce and Argano, 1981 was the first stygobiotic species described for Thailand. It was collected from freshwater wells in Phuket province in 1980 (Pesce and Argano, 1981) .
After 1983, the number of biospeleological studies increased as French researchers from the Association Pyrénéenne de Spéléologie started their caving activities in Thailand. In 2001, when Deharveng and Bedos (2001) provided the list of aquatic cave-dwelling fauna from Thailand, the list included 21 invertebrate and vertebrate species belonging to 9 higher taxonomic groups (Tab. 3). The ecology and biology of more than half of those species were not known (Deharveng and Bedos, 2000) . The most abundant on the list were Isopoda (5 species) and the Pisces (6 species). In addition, there were two species of Amphipoda and two of Decapoda. Several groups (flatworms, oligochaetes, copepods, syncarids, thermosbaenaceans and coleopterans) were represented with only one species and all of them were endemic to Thailand (Tab. 3).
After 2000, 14 new stygobiont species were discovered, among them four new species of fish (Vidthayanon and Kottelat, 2003; Kottelat, 2004) , which increased the number of stygobiotic fishes in Thailand from six to ten species. In the last 10 years significant progress has been made in research on the groundwater Copepoda ( Fig. 2A  and 2B ). Before then, only one stygobiotic species was known from the freshwater interstitial habitat (Elaphoidella margaritae, Pesce and Apostolov, 1985) (Tab. 3). The first cave-dwelling species found in Thailand was Elaphoidella namnaoensis Brancelj, Watiroyram and Sanoamuang, 2010 from a cave in Nam Nao National Park (Phetchabun province) (Brancelj et al., 2010 ) and the most recently described species are Bryocyclops maewaensis Sanoamuang, 2012 (Watiroyram et. al., 2012) and two species from the genus Fierscyclops published in this volume (Boonyanusith et. al., 2013) . Three papers with descriptions of six new species (but not included in this analysis) have been already submitted to journals (Boonyanusith, personal communication; Watiroyram, personal communication) . Intensive research on cave environments, especially on epikarst, conducted during the PhD studies of two of the co-authors (CB and SW), revealed that stygobiotic fauna is very rich and not only present in Thailand but also in nearby countries (Vietnam and Laos) (Fig. 2C-G) . It includes, apart from the Copepoda also Ostracoda, Syncarida, Isopoda and Amphipoda.
Structure of stygobiotic fauna in Southeast Asia
Thirteen higher taxonomic groups have been recorded so far in SE Asia (including vertebrates, i.e. fish; Tab. 3). The most abundant groups so far are the Decapoda (Natantia, Reptantia and Brachyura), represented by 33 taxa (6+3+24 species, respectively), followed by Copepoda (22 species), Isopoda (20 species), Amphipoda (13 species), Pisces (10 species) and Syncarida (5 species). Other groups (Turbellia, Nematoda, Oligochaeta, Ostracoda, Thermosbaenacea, Acari/Hydrachnida and Coleoptera) are represented only with one to four species each. Out of 74 genera with stygobionts, there are 56 genera where only one stygobiotic representative is known.
The number of species per certain group within a particular country varies considerably -from 1 to 17 (Tabs. 3 and 4). The group with the highest number of species per country is the Decapoda in the Philippines, where 17 species are known, followed by ten species of Copepoda from Thailand. Groups with seven species each per county are the Amphipoda from the Philippines, the Decapoda from Malaysia and the Isopoda from Thailand. Four groups have six representatives per country: Copepoda in the Philippines, Isopoda in Indonesia, Decapoda in Indonesia and the Pisces in Thailand. The group with five species is Copepoda in Vietnam, while Isopoda has four species in the Philippines. There are 29 groups with only one or two species known for each group and for each country.
The time series of stygobiotic records indicates that there are 41 papers, where 48 authors (alone or as co-authors) contributed one single record on stygobiotic fauna; 17 of the records were published before 1980. The rest of the records were contributions by 30 authors who recorded/described two or more new species (Tab. 5). Among those, two records by the same author were done in 1900 (Lanchester, Decapoda) and additional two in 1967 (Borutzky, Copepoda). Up to 1986, 15 more records were recorded by 7 authors. After 1986, 67 new species were added by authors, who contributed more than two descriptions of a new species. The greatest contributions were by Ng and Martinez -13 and 12 descriptions, respectively -on Decapoda, Pisces and Isopoda.
DISCUSSION
The first exploration of the freshwater cave fauna in SE Asia started at the end of the 19 th century and was mainly limited to terrestrial habitats (Price, 2004) . Actually, even today, most work is still focussed on terrestrial fauna (=troglobionts) ). Some limited exploration was done also on aquatic fauna in the caves. Among the first explorations were those in the Philippines (in 1820), followed by Myanmar (in 1888), Vietnam (in 1906 ), Indonesia (in 1910 ), Thailand (in 1913 and Laos (in 1919) (Botosaneanu, 1986) . Research on cave fauna in Cambodia and Malaysia started later, in 1960 /1961 (Annandale et al., 1913 Botosaneanu, 1986) .
Tropical and subtropical karstic areas worldwide were for a long time neglected as suitable places for collecting and studying stygobionts. When comparing Europe (an area of 10,180,000 km 2 and about 2000 stygobionts) and SE Asia (an area of about 4,304,000 km 2 and 122 stygobionts), it is obvious that there is a big potential for more stygobionts to be found in SE Asia. A comparison of the number of stygobionts in SE Asia vs the rest of the world, and vs the total number of members of particular groups in freshwater, revealed that the number of stygobionts in SE Asia compared with the rest of the world is (still) relatively low (Tab. 6). The only exception is Brachyura (Decapoda), for which the number of stygobionts has significantly increased in the last 25 years. Comparing the area of SE Asia and the rest of the world and number of stygobionts from interstitial and karstic aquifers already known in the rest of the world, at least 800 stygobionts could be expected in SE Asia. The actual numbers of stygobionts recorded for Europe and SE Asia are a combination of stygobionts in fissured (i.e. karstic) as well as porous (i.e. alluvium; interstitial) aquifers. As both types are common in SE Asia, the estimated number of 800 stygobionts is quite probable and could even be exceeded. In addition to exclusively freshwater caves, there are also numerous anchialine caves along the coasts, which are rich in freshwater, brackish and marine stygobionts (Fosshagen and Ilife, 1989; Husana et al., 2009; Tran and Chang, 2012) .
A high potential for discovery of new stygobionts is also indicated by the cumulative curve of stygobiotic taxa over time, which is still very steep and where, in the last 40 years (after 1970) , the number of stygobionts increased almost six-fold (from 19 to 122 species) (Fig. 1) . The increase of species within a particular group is uneven and reflects mainly the interests and intensity of work by individual authors on the specific group. Currently, the most Tab. 6. List of the main groups of crustaceans and fish, with the number of known taxa in subterranean habitats in Southeast Asia, worldwide and in all inland surface habitats. intensively studied groups are the Copepoda, Isopoda, Amphipoda, Decapoda and Pisces, while some other groups, which are well studied elsewhere, are underestimated in SE Asia. Among those groups are the Oligochaeta, Ostracoda and Hydrachnida, represented by only a few species (Tabs. 3 and 5). The effect of highly motivated taxonomists can be seen, for example, in the case of the Indian stygofauna, where a significant increase in the knowledge of micro-crustaceans was achieved in relatively short period by only a few specialists (Ranga Reddy and Defaye, 2008; Ranga Reddy and Schminke, 2009 ). The same is valid for China, where research on karst systems resulted in the description of several new stygobionts (Sket and Fišer, 2009 ) (Tab. 5). Although both countries, India and China, have high potential for groundwater fauna, there is a slight possibility of sharing common fauna with SE Asia on the species level, except on a very local scale. Based on the present knowledge of the distribution of groundwater fauna in SE Asia, distribution of particular species is rather limited and is usually confined to a region. Only some exceptionally species have trans-border distributions over several provinces or countries. Recent intensive inventory of fauna from relatively unknown environments (i.e. epikarst) in Thai caves, has resulted in the discovery of one species of bathynellid and six species of copepods as well as several species of Harpacticoida and Cyclopoida that are not yet described (Brancelj et al., 2010; Camacho et al., 2011; Watiroyram et al., 2012; Boonyanusith et al., 2013; Watiroyram et al., 2013) . Along with the true stygobionts from epikarst, many species of Copepoda were collected from pools or streams, but the majority were stygoxenes or stygophiles transported into the caves during floods or as regular drift (Boonyanusith, personal communication; Watiroyram, personal communication) . The problem of identifying the correct ecological position of species found in the caves is that specimens can become pale after some time in subterranean environments, which leads to misinterpretation of the stygobiotic nature of collected specimens. Such an example was Argyrodiaptomus cavernicolax Shen and Tai, 1965 , from a cave in Southern China, which recently appeared to actually be two closely related species of Sinodiaptomus, which freely move in and out of the cave (Dumont, personal communication). Another example is Mesocyclops francisci Hołyńska, 2000, which was collected from a cave in Northern Thailand (Watiroyram, 2012) but was previously recorded in Malacca, Malaysia, Sumatra and Cambodia from surface water habitats (Hołyńska, 2000; Chaicharoen, 2011) . Food in subterranean habitats is an important element that determines population size and biodiversity in temperate zones (Culver et al., 2006) . As primary production in tropical zones is more intense, more food is available, especially at the entrances of the caves, where litter or drift can accumulate. For this reason, Decapoda, especially Brachyura, were frequently reported from those zones in the past as stygobionts when in fact some of them were stygoxenes or stygophiles (Leclerc et al., 2001) . However, they contributed to the overall biodiversity of subterranean habitats. For that reason, the distinction between stygophiles and stygobionts is more blurred in the tropical zones when compared to that in temperate zones.
Due to the low intensity of research on fauna in many aquifers worldwide, the distribution of the majority of taxa is still very poorly known. As most stygobionts were found in one or a few sampling campaigns and/or in one or a few locations only, most of them are considered as endemics while in reality they might not be. Scarcity of data on their distribution can lead to the wrong conclusion that all stygobionts are endemic on a small scale (i.e. narrow endemics) (Deharveng et al., 2009) . Some data about a few species from SE Asia indicates that their range of distribution can be extended at least over two countries (examples in groups of Copepoda, Thermosbaenacea and Decapoda). An example of misinterpretation of endemism can be found in the Copepoda from epikarst in Thailand. After five years of intensive sampling it appears that rare and endemic taxa are actually quite common -but limited to specific habitats (Brancelj et al., 2010; Watiroyram, 2012; Watiroyram et al., 2012) . This supports the idea to put more effort into searching for representatives of some aquatic groups, which are common in surface water bodies but still rare in groundwater, either in porous or karstic aquifers. The most appropriate candidates are groups of Cladocera and Calanoida. Both groups have many representatives in epigean water bodies, while in groundwater they are represented by only a few species (Brancelj and Dumont, 2007) . So far, there is only one known stygobiotic species of Calanoida from SE Asia (Brancelj, 2005) . Cladocera are represented with representatives from the genus Nicsmirnovius, which lives in rheic and hyporheic conditions, much like Phreatalona, yet it is not a stygobiont (Van Damme et al., 2003) .
For that reason, more intensive and systematic sampling programmes should be prepared for different habitats in interstitial as well as karstic aquifers. Special attention should be put on sampling techniques and equipment. In principle, all sampling methods already known and used in caves and alluvium in Europe and North America (hand-nets, drift nets, plankton nets, baited traps, Bou-Rouch pump and Karaman-Chappuis method) (for details see: PASCALIS protocol) can be applied in the caves and gravel bars of SE Asia. In the past incorrect sampling devices (especially nets with too coarse mesh size) resulted in a loss of many smaller stygobionts. When new techniques were introduced, the number of collected species/specimens increased significantly (Brancelj, . One of the new techniques, specific for SE Asia, is sampling epikarst fauna from Buddha pots (Brancelj et al., 2010) . They are actually plastic or metal buckets, placed near Buddha statues in the caves to collect dripping water from the ceiling. They appeared as very efficient sampling devices for sampling epikarst fauna and where several new species of Copepoda had been already collected (Brancelj et al., 2010; Watiroyram et al., 2012; 2013) .
CONCLUSIONS
In conclusion, faunistic inventories and taxonomic work done on subterranean fauna in SE Asia in the last two decades have revealed that stygobionts are much more common than was thought before. Their number will increase considerably when greater efforts are oriented towards subterranean aquifers.
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